This work intends to enhance the mobility and flexibility of a tracked mobile robot through changing its shape in unstructured environments. A shape-shifting mobile robot, AMOEBA-I, has been developed. With three tracked modules, AMOEBA-I has nine locomotion configurations and three of them are symmetrical configurations. The key advantage of this design over other mobile robots is its adaptability and flexibility because of its various configurations. It can change its configuration fluently and automatically to adapt to different environments or missions. A modularized structure of the control system is proposed and designed for AMOEBA-I to improve the fault tolerance and substitutability of the system. The strategies of cooperative control, including cooperative shape shifting, cooperative turning and cooperative obstacle negotiation, have been proposed to improve the capability of shape shifting, locomotion and obstacle negotiation for AMOEBA-I. A series of experiments have been carried out, and demonstrated that such a structure possesses excellent mobility and high flexibility under various urban environments including stairs, a narrow space, an obstacle, uneven debris and an underground garage. Being small, portable, and remotely controlled, AMOEBA-I has potential applications in areas such as urban search and rescue and environment reconnaissance.
Introduction
In recent years, people's safety has been greatly threatened by frequent natural disasters such as earthquakes, fires and floods; man-made dangers such as terrorism and armed conflicts; and toxic and radioactive substances. A new field and challenge in robotic research is how to effectively fuse the multidisciplinary knowledge in robotics technology, rescue technology and disaster science, and to develop intelligent robots for search and rescue operations [1] . Search and rescue is a concentrated activity in the interior of a structure, in caves or tunnels, or wilderness environments, and aims to find victims or potential hazards. Taking an urban environment as an example, many high-rise buildings, underground projects and large business establishments have been rapidly built. All these make the rescue operation very complicated to deal with after a disaster. However, the rescue team has an emergent time, usually 48 h, to save the survivors.
Search and rescue robots serve as extensions of responders in a disaster, providing real-time video and other sensory data about the situation, which can improve the efficiency of the rescue operation and medical treatment in order to reduce casualties [2] . Robots are needed to help quickly locate, assess, stabilize and extricate victims who cannot be reached easily. They typically do this by extending the rescuers' ability to see and act. They cannot only help the rescue team in rescue operations, but also replace rescue staff in search and rescue missions. Generally, robots can play an increasingly important role in disaster rescue operations.
Search and rescue robots mainly consist of unmanned ground, aerial, surface or underwater vehicles. Aiming at urban search and rescue missions, the ground mobile robot is generally the main target of research. In recent years, especially after the 9/11 attack, many countries began to develop various anti-explosive/antiterrorism robots as well as search and rescue robots for disaster protection and relief in ralation to their national security strategies. As they possess great potential applications, search and rescue robots have attracted widespread attention and many have been developed, such as Souryu [3] , Moira [1] , KOHGA [4] , Helios VII [5] , Bujold [6] , TALON [7] , mobile HRR urban search and rescue robot [8] , iRobot Packbot and a SPAWAR Urbot [2] , Foster-Miller Talon [2] , telemAX [2] , ROBHAZ-DT3 [9] , a snake-like robot [10] , etc. [11] [12] [13] . A few robots have actually participated in a rescue, and have shown advantages in search and rescue missons. In 2001, the Inuktun micro-VGTV, Inuktun micro-Tracks and Foster-Miller Solem were used to explore at the site of the World Trade Center 9/11 disaster [2, 14] . In 2004, the International Rescue System Institute inserted a serpentine robot, a variant of the Soryu III, into a house damaged during the Niigata Chuetsu earthquake [2] . In 2006, a large Remote ANDROS Wolverine robot nicknamed V2, deployed by the Mine Safety and Health Administration, was used at the Sago Mine disaster in the US [2] . There is also some research on the latest vehicles in the field of rough-terrain motion. A flexible mono-tread mobile track was proposed and a prototype 'Rescue mobile track No. 2 WORMY' was developed, composed of a 'flexible chain' and spine-like structure [15] . A remotely operated robot, QuadTrack-I, was developed, which has four modular track arms driven independently to obtain a traction force. The modular track arms can also be rotated to lift the body or step over larger obstacles [16] .
Search and rescue robotics is clearly a challenging field with many open issues, including mobility, communications, control, sensors and power. Mobility remains a major problem for all modalities of rescue robots, but especially for ground vehicles being used for urban search and rescue. Mobile robots with fixed configurations hardly have enough mobility to adapt to the rescue environment, which is an unpredictable combination of vertical and horizontal elements with unknown surface characteristics and obstacles.
In this paper, a shape-shifting mobile robot, AMOEBA-I, is introduced. The robot possesses various configurations to meet the requirements of the unpredictable terrain or missions. It is designed as a man-portable system when changing to a compact size to reduce the logistics burden. Since it has good mobility and high flexibility under unstructured environments, it can effectively assist the rescue team to carry out the search and rescue operation.
Mechanical System Design

Principle of Shape Shifting
Reconfigurable or shape-shifting robots have attracted great interest as they can autonomously change their physical configurations to meet the requirement of the mission and the environment [17] [18] [19] [20] [21] [22] [23] [24] [25] . There are two usually kinds of shapeshifting track-type mobile robot in the literature. In one kind, the track's shape is changeable. Shape-shifting tracks can change from one shape to another without modification of the vehicle. Bujold can change shape among three canonical configurations. In Ref. [17] , a new type of variable geometry single-track driving mechanism for a rescue robot has been proposed. The other kind of shape-shifting track-type robot has several tracked modules and the shape shifting is implemented by changing the relative position among the modules. For instance, NUGV is a multi-degree-of-freedom (d.o.f.) tracked robot that can change its conformation and dimensions, and negotiate a great range of environmental dimensionality [18] . CUBIC-R's shape is a regular hexahedron and each surface has a crawler unit. As each surface is united by a transformational mechanism, it can overcome rough terrain using transformation [19] .
To improve the environmental adaptability of the search and rescue robots, we have proposed a novel shape-changeable structure, named AMOEBA-I. Figure 1a provides a brief description of AMOEBA-I's mechanism. It has three modules, two link arms, two pitch joints and two yaw joints. This type of structure, with offset joints at the modules' lateral sides and with the link arm between the adjacent modules, has enough flexibility to change shape. The module body is a mobile system while the link arm and joints play important roles in the shape-shifting process. Take two adjacent modules of AMOEBA-I, Module A and Module B, as an example; in Fig. 1b , the link type with two modules is in a line type, while in Fig. 1d , it is in a row type. From line type to row type, both the yaw joint and pitch joint rotate 180 • in sequence. When the number increases, the non-isomorphic configurations increase exponentially. No matter how many modules it has, this kind of link-type robot can produce various kinds of symmetrical configurations and trim configurations, especially being in line or in row. However, the lengths of the link arm and the module body have a strict geometrical constraint given as:
where l a is the length of the module body, l b is the length of the link arm, and l c is the distance between the yaw joint and the front or the back side of the module body as shown in Fig. 1 .
Mechanical Structure of AMOEBA-I
There are often two or more wheels supporting the track in the traditional track device. One of them is an active wheel and the others are passive. We only use two wheels in the driving system and the wheels are hollow inside. Such a wheel is light in mass. Moreover, it is possible to use the system in water owing to its hollow body and larger volume. It has been taken into consideration that if the system is waterproof, the robot can move both on land and in water like an amphibian vehicle. As shown in Fig. 2 , a single module is mainly composed of a link arm, a track driving system, an offset yaw joint driving system and a pitch joint driving system. It has three DC motors (i.e., one drives the track, one drives the pitch joint and one drives the yaw joint). The motors are packed in the center box. A chain transmission device has been used in the pitch joint and track driving system, while the yaw joint uses bevel gear pairs. Timing pulleys are used to drive the wheels forwards and backwards. The rubber track has both springiness and toughness to meet the changing needs in various kinds of terrain. To improve the climbing ability of the robot, high, thick and discrete track shoes or track teeth have been equipped on the external side of the track. The link arm and the link handle are used to connect and disconnect the adjacent modules. A three-module robot, AMOEBA-I, is repeatedly Figure 2 . Structure of a single standard module. 1 -pitch joint potentiometer; 2 -link arm; 3 -pitch joint chain driving; 4 -track wheel; 5 -pitch joint motor; 6 -motor controller; 7 -motor drive; 8 -center box; 9 -yaw joint potentiometer; 10 -yaw joint bevel gear driving; 11 -track driving motor; 12 -yaw joint motor; 13 -track wheel chain driving; 14 -track. composed of such kinds modules as shown in Fig. 3 . It has the specifications shown in Table 1 . The mechanical characteristics of the shape-shifting robot can be generalized as:
(i) It has a lot of non-isomorphic configurations. Its configuration can change automatically to adapt to the environment. It can pose as the line type and row type easily. For instance, it can pass through a narrow space and a hole in line, and move on uneven terrain safely or steering easily in row. (ii) It is modularized and manually reconfigurable. The modular robot has satisfactory maintenance and interchangeability. Each single module has the ability of moving. It is reconfigurable in urgent need. (iii) It is resistant against water and dust. With special design considerations, it can work in more hostile environments. (iv) It is small, lightweight and easy to carry. Most importantly, the robot has several compact configurations fitting different packages.
Locomotion Configurations of AMOEBA-I
The shape-shifting robot has a wide potential application in extreme hazardous environments owing to its flexibility. Being a 7-d.o.f. system, AMOEBA-I can pose many kinds of configurations for its redundancy. In this paper, we only take its locomotion configurations into consideration. The locomotion configuration has all the tracks contacting the ground in parallel. As shown in Fig. 4 , AMOEBA-I has nine kinds of locomotion configurations. Three of them are symmetrical configurations: the line type in Fig. 4a , the triangle type in Fig. 4e and the row type in Fig. 4i . AMOEBA-I can change its configuration to adapt to various environments and tasks.
Control System Design
The control system of AMOEBA-I applies the modularization concept. As shown in Fig. 5 , the hardware of the control system is modularized for improving fault tolerance and substitutability of the system. The control system is composed of the supervisor system, the wireless communication module, the main control unit, the motor control unit and the sensor-based feedback control unit. We specially designed a uniform controller for each control unit as shown in Fig. 5 . In the different control units, the programs installed in the controllers are distinguished, implementing the corresponding function. To exchange data among micro-controllers, the robot needs a simple and highly efficient bus to serve as the system bus. The CAN bus is a kind of shared broadcast field bus, in which all the nodes can send and receive messages. Error detection, correction and exchange have been finished by the CAN controller. Thus, the CAN bus is selected as the suitable information bus in the control system of AMOEBA-I and bridges the information among the three independent mechanical modules. Search and rescue robots rely on real-time communication for teleoperation and enabling responders to see what the robot is seeing immediately, since the disaster site is unreachable for the rescuers. The supervisor system and the main control unit communicate with each other through the wireless communication module. The supervisor system not only sends the commands to the robot system, but also receives the status information returned by the robot in a timely manner, which includes the configuration, joint angles and current consumed by the motors.
The main control unit is the kernel of the autonomous robot system and the decision-making unit of the robot, which estimates its own position and the environment status, and plans the movement of the robot. Moreover, it is responsible for globally planning the transformation between the configurations. The main control unit links all the dispersive motor control units. It makes the whole system more extendable and stable.
The motor control unit implements the motion control for mechanical components. It is composed of the Fujitsu MCU, the CAN bus driver, the potentiometer, the DC motor and the DC controller. All motor control units are designed uniformly in order to implement the modularization of the control system. When one fails, it would be selected out to keep the system robust.
The sensor-based feedback system contains the controller, inclinometer, electron compass, GPS and level converter.
Control Through Module Cooperation
The control of modular robots is a complex problem that has attracted great interest. In Ref. [26] , many useful functionalities, such as recovery when the robot (JL-I module) is turned over or getting over vertical steps, can be obtained by different chain of motions. Reference [27] introduces a strategy of motion of active flippers, and the stability analysis of tracked vehicles with active flippers. In this section, the aim is cooperative shape shifting, cooperative obstacle negotiation and cooperative obstacle negotiation.
Configuration Transformation
The shape-shifting modular robot possesses various non-isomorphic configurations. Some configurations are closely related topologically, while some are far away. In our previous work [28] , we have proposed the configuration network to find the center configuration. This idea is briefly introduced as follows.
The configuration network demonstrates the configuration relationships of AMOEBA-I. As shown in Fig. 6 , AMOEBA-I has nine kinds of available configurations in the configuration network. As defined in Ref. [28] , each configuration is a node in the network and each edge represents a configuration transformation with only one simple motion of a single module. It should be noted that not every configuration is adjacent to all the others.
It can be seen from For two adjacent or closely related configurations, there is usually only one simple motion or shape shifting required in the exchange of configurations. However, for two faraway configurations, there will be many steps and many routes in the interchange of configurations. It can be seen from Fig. 6 that 'R' is close to 'p' or 'q' because the shape shifting between them is merely one step, while it is far away from 'L' because the shape shifting between them is at least three-steps. On the other hand, when AMOEBA-I transforms from 'T' to 'R', there are at least two shape-shifting routes, i.e., 'T-q-R' and 'T-p-R', respectively. However, the number of possible shape-shifting routes from 'L' to 'R' will be numerous. Thus, AMOEBA-I has superior flexibility in shape changing.
Cooperative Shape Shifting
AMOEBA-I has three symmetrical configurations, which are the line-type configuration, triangle-type configuration and row-type configuration in Fig. 7 . AMOEBA-I changes its configuration mainly by the rotation of four joints: pitch joint of module A (θ P2 ), yaw joint and pitch joint of module B (θ Y2 and θ P1 ), and yaw joint of module C (θ Y1 ), as in Fig. 7a .
The line-type configuration and the triangle-type configuration can transform into each other through yaw joint rotation. The row-type configuration and the triangle-type configuration can transform into each other through pitch joint rotation. Counter-clockwise is assumed to be the positive direction. Table 2 illustrates the joint angle status when the robot is in different configurations.
When the robot transforms its configuration from the triangle type to the line type, the basic shape-shifting method is to rotate θ Y2 and θ Y1 from 0 • to 180 • [29] . When transforming from the triangle type to the row type, the basic method is to rotate θ P2 and θ P1 from 0 • to 180 • . Since this process is reversible, we just discuss how the line-type configuration is changed to the triangle-type configuration and the triangle to the row. The change process is described as Fig. 8 . We set that θ Y1 rotates 180 • and then θ Y2 rotates 180 • . To compute the output torque, we set up the coordinates located on each module's yaw joint. In Fig. 8a , θ Y1 rotates to conquer the friction between module C and the ground. It has been assumed that the ground is flat, the friction is uniformly distributed and the mechanical cost is ignored. Then the required torque of joint-4 can be given by:
where m 3 is the mass of module C, L and W are the module's length and width, μ is the friction coefficient, x 0 , x 1 , y 0 and y 1 are described as in Fig. 8a . From the parameters in Table 1 , we can get:
In Fig. 8b , θ Y2 rotates to conquer the friction between module A and the ground. It has been assumed as above that the ground is flat, the friction is uniformly distributed and the mechanical cost is ignored. Then the required torque of θ Y2 can be given by:
where m 1 is the mass of module A. From the parameters in Table 1 , we can obtain
From Fig. 8c and parameters in Table 1 , the torque required of the pitch joints (θ P1 and θ P3 ) can be given by:
It can be seen from Table 1 that the maximum torque of the yaw joint motor is 19 Nm. After consideration of two levels of gear reduction, the maximum output torque of the yaw joint is:
τ Max = 12.54 Nm.
It can be seen from (5) and (7) that when μ > 0.635, the yaw joint motions will exceed the capability of existing motors. Several problems are found in the basic shape-shifting method: (i) The required torque joint-2 (τ Y2 ) is big, which is beyond the maximum torque of the yaw joint motor. Moreover, the power consumption of the yaw joint motor is high. (ii) During the process of basic shape shifting, only a single yaw joint is rotating.
Other joints or mechanical components are idle, which may block the rotation of the yaw joint and increase the power consumption of rotation due to their quality. Thus, a novel shape-shifting technique is proposed to solve the above problem. In the basic technique of shape shifting, it is clear that the long distance between the center of gravity of module A and the θ Y2 leads τ Y2 to be too large to achieve. Cooperative shape shifting between modular robots is a wise way to take advantage of the redundancy of the multi-robot system.
Cooperative shape transformation has three steps as described in Fig. 9 . First, rotate θ Y1 to a certainty angle to make the direction of module C's speed orthogonal to the link arm as in Fig. 9a . Second, module C draws module B to rotate around θ Y2 as in Fig. 9b . According the value of ν, we can set the rotational speed of θ Y2 to beθ Y2 = π/18 (rad/s) till θ Y2 rotates 180 • in total. Third, θ Y1 continues rotating until it achieves a predefined position as in Fig. 9c .
In the first step and in the third step, the output torque of θ Y1 is still given as (2). In the second step, the torque needed by θ Y2 can be given as:
From the parameters in Table 1 , (8) can be simplified as:
Based on the comparison of τ Y2 and τ Y2 , it is clear that the torque needed by θ Y2 is greatly reduced by cooperative shape shifting.
Cooperative Turning
The turning ability is an important maneuvering ability, which is the syntheses of two kinds of movement: planar rectilinear motion and rotation motion. According to the turning mode, turning motion includes skid turning, hinged turning and articulated turning. Due to multiple d.o.f., AMOEBA-I may select the relevant turning mode to effectually accomplish the obstacle avoidance and move along the appointed path in the given terrain. Figure 10 demonstrates nine special methods of cooperative turning [30] .
According to the case that the center of gravity of AMOEBA-I lies in the central area of the plane, the model of the turning resistance moment of the shape-shifting robot is built in Fig. 11. Here, O 1 (x 1 , y 1 In Fig. 11b , there is a trace friction dF i (i = 1, 2, 3) on every micro-unit dxdy of track contacting with the ground, the direction of which is opposite to the one of the absolute speed of the point:
where p(x i , y i ) is the grounding pressure function, μ is the friction coefficient with the ground and i = 1, 2, 3, respectively, corresponds to module A, module B and module C, and the following representation is also the same. The grounding pressure of the track is supposed to be uniform:
Traction force and lateral force of the track:
When AMOEBA-I is in the different configurations, the turning resistance moment M Oi (mass center of the three modules) of module i with the ground is:
A i −0.5l
According to the above results, it is found that the ground turning resistance moment mostly depends on the system weight, length of the track contacting the ground, and the friction coefficient between the track and the ground.
In the triangle configuration or parallel configuration, the sliding turning is used. Sliding turning is similar to differential turning of the wheeled vehicle. It is suitable for a mobile robot in which the tracks are installed on the two sides symmetrically. Figure 12 demonstrates the big-radius turning (S/2 r < ∞) and small-radius turning (0 r < S/2). F ri (i = 1, 2, 3) are turning resistance.
When AMOEBA-I is in other configurations, articulated turning is often used. It is suitable for a chain system, which is composed of many track modules. A module rotates an angle relative to another module and the size or direction of the driving force of different modules is different; thus, turning is realized. Figure 13 shows the articulated turning of AMOEBA-I. In Fig. 13a , the velocity components of three tracks in the x-and y-axes have the same direction. In Fig. 13b , the velocity components of one track and other two tracks in the x-and y-axes have opposite directions.
In order to reinforce the turning ability of the robot in different configurations, the corresponding cooperative motion relation between different modules is determined as:
where n 1 , n 2 and n 3 represent the speed (r.p.m.) of the driving motor of module A, B and C, and r i is the function of θ Y1 and θ Y2 as shown in Fig. 14. According to (15) and (16), the rotation speeds of driving motors in the modules in different configurations are shown in Fig. 15 .
Cooperative Obstacle Negotiation
For search and rescue application, AMOEBA-I is required to have strong abilities to negotiate obstacles. According to the deformable features, cooperative obstacle negotiation is presented to enhance the adaptability to complex environments for the robot so as to make the robot cross obstacles successfully. In the process of climbing obstacles, the pitch joints of AMOEBA-I are fixed. Hence, obstacle negotiation becomes the climbing of a conventional crawler robot, which is shown in Fig. 14 .
The focus of obstacle negotiation is the relationship between the climb height and the location of the center of gravity. After the front part of the robot climbs on the obstacle, the robot continues to rise along the tread line. When the front part crosses the tread line, the climb height h is confined to the location of the center of gravity as shown in Fig. 16 :
where O 1,3 is the center of gravity of module A and module C, O 2 is the that of module B, O is for the whole, and d is the distance between the centers of gravity of the robot and O 1, 3 .
The relationship between the climb height and the location of the center of gravity is demonstrated in Fig. 17 . It is found that the migration of the location of the center of gravity affects the climb height greatly. The larger the d value, the higher the tread that can be climbed.
From the above analysis, a conclusion can be obtained that, when the mechanism of the robot does not change, aiming at negotiating a higher vertical obstacle, the center of gravity of the robot needs to be adjusted. Therefore, the strategy of cooperative obstacle negotiation is put forward as shown in Fig. 18 . When negotiating an obstacle, the posture of module B is constantly changed and the center of gravity of the entire robot is adjusted by changing the pitching joints in AMOEBA-I. Module B can also provide the impetus for climbing in the process, making obstacle negotiation easier.
From Fig. 19 , the largest height of a vertical obstacle that AMOEBA-I can climb over using cooperative negotiation method can be calculated. The formula is given as:
According to (18) , the maximum climb height is approximately 35 cm when θ P1,2 is 45 • , theoretically 13.84 cm larger than the height reached by the method shown in Fig. 16 .
Experiment
We have carried out several experiments to demonstrate the mobility of AMOEBA-I in different environments. The experimental system contains the AMOEBA-I robot, the supervisor system and the wireless communication module as shown in Fig. 20 . 
Experiment on Cooperative Shape Shifting
AMOEBA-I can autonomously and fluently change its configuration with the application of the cooperative shape-shifting technique. Figure 21 demonstrates the whole process of changing the shape from the line type to triangle type shown in (a)-(g), then to row type shown in (h)-(l). The reverse process of shape shifting, from row type to triangle type and then to line type, is implemented in exactly the same manner.
During the process from line type to triangle type shown in (a)-(g), cooperative shape shifting is applied. To verify the effect of cooperative shape shifting, another experiment was performed in the robot platform. The experimental ground was the wooden floor in the laboratory with a friction coefficient measured as μ = 0.163. To measure the current, an additional resistance of 1.6 was linked adjacent to the power source of the robot in series. The voltage on the additional resistance was measured by a Tektonix 3012B oscillograph recording and displaying the realtime value. At first, the basic shape-shifting method was applied on AMOEBA-I. The system current increased to 2 A rapidly when it changed from line type to triangle type. While applying the cooperating shape shifting, the maximum current was below 1.25 A. The current curve during the experiment was flat and stable as shown in Fig. 22 . 
Experiment on Cooperative Turning
When θ Y1 = 0 and θ Y2 = 0, there are three special cooperative turning modes as shown in Fig. 23 . Through the experiments, the performance evaluation indexes of the above three special cooperative turning modes, r 12 and ω 12 , can be acquired in Table 3 .
The performance evaluation indexes of the cooperative turning contain the turning resistance moment, turning radius and turning angular velocity. According to (14) , supposing μ = 0.3, the turning resistance moment corresponding to θ Y1 and θ Y2 is shown in Fig. 24 Figure 25 shows the change of turning radius r 12 and turning angular velocity ω 12 corresponding to θ Y1 and θ Y2 . Usually, the turning modes, when r 12 < 50 cm, are chosen as suitable modes. When θ Y1 = 180 • and θ Y2 = 180 • , it cannot turn because it is an L-configuration. Contrasting Fig. 25a and 25b , it can be concluded that the turning radius is basically inversely proportional to the turning angular velocity. Figure 26 shows the whole process of autonomous cooperative negotiation outdoors. Even though there is a certain deflection angle between the robot and the vertical plane of obstacles, this control method can also complete the whole process of negotiation. AMOEBA-I will not fall over because of a bit cornering when beginning to climb. 
Experiment on Cooperative Obstacle Negotiation
Experiments on Traversing Complicated Terrain
Various configurations greatly improve the flexibility, mobility and adaptability of AMOEBA-I. Many kinds of terrains are considered to be difficult for the general robot to traverse. We used the typical indoor terrains shown in Fig. 27 and outdoor terrains shown in Fig. 28 to test the mobility of AMOEBA-I in different configurations.
The line type has the best stairs-climbing ability, as shown in Fig. 27a , which can climb stairs whose tread is 300 mm in length and riser is 150 mm, while for the tri- angle type these values are 250 and 125 mm; and for the row type 200 and 100 mm, respectively. The line type has the best mobility of passing the narrow space owing to its long body, as shown in Fig. 27b . We have emulated the debris after a building collapse disaster by setting up a pile of wood and bricks. Debris-climbing ability mainly considers two factors, overcoming obstacles and mobility stability. The triangle type has the best mobility, as shown in Fig. 27c , while the line type is easy to laterally tip over and the row type has limited obstacle-overcoming ability. Table 4 compares the motion performance of three symmetrical configurations in different terrains.
Conclusions
A novel shape-shifting robot, named AMOEBA-I, was developed for urban search and rescue. With three modules, AMOEBA-I has nine kinds of locomotion configurations and three of them are symmetrical configurations. It can change its configuration fluently and automatically to adapt to the environments or missions. The modularized hardware structure and disturbed software structure of the control system were designed to accomplish the control of the mechanism with a shape-shifting capability, improving the fault tolerance and substitutability. The cooperative control strategies have been implemented to improve the capabilities of shape shifting, locomotion and obstacle negotiation. Corresponding experiments demonstrated that AMOEBA-I possesses excellent mobility and high flexibility under various urban environments, including a narrow space, obstacle, uneven debris and stairs. One of the future works is the integration of payload technology in AMOEBA-I, such as a life detector. Furthermore, search and rescue technology utilizing AMOEBA-I and its payloads is another research area. The goal of the research is to realize the application that AMOEBA-I can perform the search and rescue missions, including discovering potential survivors, in the real or simulated urban disaster ruins scene.
